In order to evaluate the relative usefulness of the numerous bio-indication methods that use epiphytes as indicators for air pollution, a range of these different methods was applied within the same region (Flanders, Northern Belgium). The study area shows important air pollution gradients and little climatic differentiation. Ninety-one IAP indices were calculated with data collected in the immediate vicinity of SO 2 measuring stations on one randomly chosen tree, on ten neighbouring trees and in a sampling grid placed on the tree carrying the largest number of epiphytes. A large majority of indices showed a significant Spearman rank order correlation with mean SO 2 winter values over the 5 years 1990-94. Indices based on a selection of 17 lichens gave better results than those based on all lichens. The latter indices showed higher correlation than those using all epiphytes (including bryophytes). Indices using a quantitative estimate of cover or abundance or a combination of these did not result in a higher correlation. Sampling ten trees gave slightly higher correlation than the grid method or sampling of one tree. Taking into account supplementary evaluation criteria (time investment and degree of lichenological knowledge required), sampling of 17 bio-indicator species using a sampling grid is recommended within the study area. Monitoring the presence of all corticolous lichens within a sampling grid is recommended in general. 2001 The British Lichen Society
Introduction
Since corticolous lichens react strongly and differentially to acidifying air pollution, they are extremely useful as bio-indicators. Since Nylander's (1886) lecture on the poverty of the lichen flora in the centre of Paris, innumerable accounts have been published on the relation between the vicinity of industrial and urbanized places and SO 2 -concentration on the one hand, and the presence of corticolous lichens on the other.
However, bio-indication methods differ strongly, using parameters such as number of species, a large spectrum of poleophoby indices, presence, abundance and/or cover of all or individual species, etc. Different methods can result in different diagnoses for the same region. Other studies attempting to develop a generally applicable method are, among others, Kirschbaum & Windisch (1995) , Nimis et al. (1989) , Van Haluwyn & Lerond (1988) . Comparison of data on epiphytes and air pollution from the same region was also performed by Herzig et al. (1985) and Herzig & Urech (1991) .
To develop a generally applicable method, we compared as many as possible bioindication methods based on epiphytes within the same region and using the same sampling sites. The result of the study should be a standard method selected on the basis of reliability and practical considerations. The methods were judged on (1) Spearman rank order correlation with actual SO 2 data, (2) time investment, and (3) degree of lichenological knowledge required.
Materials and Methods

Study area
Flanders (Northern Belgium) was chosen as a study area. Earlier research using epiphytes as indicators of air pollution in the area (Barkman 1963; Iserentant & Margot 1963; De Sloover & Lambinon 1965; Caekebeke 1986; Quanten 1986 ; Van der Gucht & Hoffmann 1990; Hoffmann 1993; Tanghe & Richel 1996) proved the usefulness of bio-indication methods. A relatively dense SO 2 -monitoring system is present (Fig. 1) ; steep gradients of air pollution, ranging from rather moderately polluted (yearly average 1994: 8 g SO 2 m
3 ) to heavily polluted areas (yearly average 1994: 53 g SO 2 m
3 ) are present (yearly average of all stations in 1994: 23 g SO 2 m
3 ). Flanders covers an area of approximately 13 500 km 2 . The area has an extremely high population density (430 inh/km 2 ) and several large conurbations (Brussels, Antwerp, Ghent) where intense economic and industrial activities are concentrated. Recently the overall air pollution situation has improved considerably. During the period , the area suffered from much greater air pollution levels than during the last decade. Flanders has a temperate oceanic climate with a slightly increasing continentality to the east. Mean annual temperature ranges between 9·3 and 10·6 C (average 9·8 C) and annual rainfall between 670 and 870 mm (average 770 mm) (Walther & Lieth 1967) .
SO 2 data
SO 2 concentration data were obtained from the former Institute of Hygiene and Epidemiology (IHE, 1983 (IHE, -1993a (IHE, , b, 1990 (IHE, -1992 and the Vlaamse Milieumaatschappij (1993 Milieumaatschappij ( , 1993 Milieumaatschappij ( -1994 . In the study area, 91 SO 2 -measuring stations are present. To evaluate the indicator value of the biological data, they were initially compared with yearly mean values, winter mean values and 98-percentile values of atmospheric SO 2 pollution for one to five years. Calculations presented here are based on the comparison with mean SO 2 winter concentrations over the 5 years 1990-1994. We used a SO 2 parameter based on a relatively long period of 5 years instead of values of the year of collecting biological data, since it is generally accepted that epiphytes are indicators of the general air pollution situation rather then indicators of the instantaneous air pollution level (see e.g. Herzig & Urech 1991) . To be included in the calculation of the overall mean for the last five years, at least three out of five years should have a reliable measurement value. In this way 57 SO 2 -measuring stations could be included in the calculations. We chose to use the SO 2 mean winter concentrations (October-March) because SO 2 emission is generally higher in this period, as is the photosynthetic activity of cryptogamic epiphytes (Stalfelt 1939; Barkman 1958; Kershaw 1985) , which makes them more vulnerable in this period.
In contrast to the well-distributed SO 2 -measuring network, the presence of stations measuring other major pollutants (NO, NO 2 , O 3 ) is relatively poor in the study area. For this reason they were not considered in further analysis of the data.
Sampling
Sampling was carried out in the autumn of 1994. Within a radius of 1 km around each SO 2 -measuring station, a well-exposed line of at least 10 trees was selected from aerial photos. Sampled phorophytes should have a well-grooved bark and a minimal perimeter of 1 metre at a height of 1·2 metres. Preference was given to Populus canadensis because of its general epiphyte richness and its widespread presence in the area (Hoffmann 1993) . All 57 pre-selected SO 2 -measuring stations met these criteria (Fig. 1) . From each line of trees, one tree was randomly selected. This tree and nine successive trees were used for a quantitative inventory of the epiphytes. They were sampled in such a way that practically all known biomonitoring methods could be covered.
Three sampling procedures were used at every site. The first procedure considers all epiphytes growing on one randomly chosen tree trunk from the base up to 2 m high. Frequency (A) and cover (B) of every lichen species was noted ( Table 1 ). The second procedure includes the first tree and nine successive trees on which all epiphytes were identified. On every tree frequency (A) and cover (B) of every lichen species was noted. This procedure is similar to those used by Gilbert (1965) , Leblanc & De Sloover (1970) , Déruelle (1978) , Van der Gucht & Hoffmann (1990) and Oksanen et al. (1991) . They all sampled approximately 10 trees per site. Only Hawksworth & Rose (1970) sampled as many trees as possible.
The third procedure was used only on the tree carrying the largest number of species. A grid (100 40 cm, divided into 40 plots of 10 10 cm) was placed on the most luxuriantly overgrown side of the tree (almost without exception, the SW-side of the tree). The base of the grid was at 80 cm above ground level. The grid was kept in place by means of 4 nails. Species frequency was defined as the number of plots in which the species was present. Cover was estimated using the Londo scale (Londo 1984) . Total epiphyte cover was estimated as a percentage. The methods described by Britt (1987) , Kirschbaum (1995) , Liebendörfer et al. (1988) , Nimis et al. (1990) , Oksanen et al. (1991) and Ruoss (1992) could be covered using this procedure. They all used a sampling grid method; but the size and number of the units could vary according to the author. This procedure was further used to identify and characterize the epiphyte vegetation syntaxonomically. The time needed for data collection on the first tree, on all 10 trees and on the grid was noted.
Indices of Atmospheric Purity (IAPs)
Index of Atmospheric Purity values based on data from one tree, 10 trees and grid sampling, were calculated in as many ways as could be found in the literature. Four major IAP-groups are distinguished.
IAPs based on number of species
The first group of IAPs simply takes into consideration the total number of epiphytes or the total number of corticolous lichens (Jones 1952; Barkman 1963; Gilbert 1965; De Wit 1976; Sergio & Bento-Pereira 1981; De Bakker 1984; Van der Gucht & Hoffmann 1990 ). According to this approach, IAP is defined as: IAP I. 1= & lichens (van Dobben 1990; Hoffmann 1993; van Herk 1993) IAP I. 2= & epiphytes (Hoffmann 1993) 
IAPs using a poleophoby index
A second group of methods uses so-called air pollution sensitivity indices of species. Many authors use a poleophoby index Q, being the average number of accompanying species for every species. For all corticolous lichen species present, a Q l -value (Q l =average number of accompanying lichens) was calculated and a Q a -value was calculated (Q a =average number of accompanying epiphytes). With application of Q l -and Q a -values (in formulae indicated as Q i ), the following formulae could be calculated using all epiphytes or only corticolous lichens (with n=the number of species present):
(De Sloover & Leblanc 1968) (Herben & Liska 1986) (Herben & Liska 1986) In the 1950s Barkman (1958) assigned a poleophoby index (P B ) to every species based on his field experience with those particular species in the Netherlands. Hoffmann (1993) assigned a poleophoby index (P H ) based on distribution patterns of species in relation to SO 2 -deposition: species which increase in presence with increasing emission were given a negative value, species which decrease were given a positive value. The P H index was based on observations in East-and West-Flanders (part of the present study area). In a similar way, Wirth (1991) assigned a toxitolerance index (T W ), that has a higher value for species with a higher tolerance to air pollution (which is the opposite to P B and P H ).
The poleophoby indices of Barkman (1958) and Hoffmann (1993) and the toxitolerance index of Wirth (1991) were used in the formulae of Herben & Liska (1986) . All indices are listed in Table 2 .
IAPs using estimates of abundance and/or cover
A third group of IAPs includes a quantitative estimate of either cover (Jones 1952; Fenton 1960; Griffith 1966; Trass 1968 Trass , 1973 Oksanen et al. 1991; Ruoss et al. 1991) , or abundance (Britt 1987; Nimis et al. 1990; Aptroot & Roos 1993; Hoffmann 1993; Geebelen 1995) or a combination of both (Iserentant & Margot 1963; Leblanc & De Sloover 1970; Skorepa & Vitt 1976; Liebendörfer et al. 1988) .
Three formulae use an estimate of abundance (frequency). Leblanc & De Sloover (1970) use the index f i , combining cover and frequency. In Britt (1987) and Nimis et al. (1990) F i is the frequency of all species present in a sampling grid.
Frequency was quantified here on a five-point scale (Table 1) , when calculations were made for one tree. When data for 10 trees were used, the number of trees where the species was present was used (1-10). All three formulae were calculated with Q l -and Q a -values. When a sampling grid was used (in all three formulae), frequency was the number of plots where the species was found, converted to a tenfold scale. (Leblanc & De Sloover 1970) (Geebelen 1995) (Britt 1987; Nimis et al. 1990) Trass (1968) in relation to air pollution. Relative cover of each species was given by c l , total cover was estimated as a percentage (C l ). The toxic sensitivity a i was replaced here by the poleophoby index (P H ) of Hoffmann (1993) , relative cover (c l ) equals the re-scaled Londo cover estimates. The total cover estimated here as percentage cover was converted into the tenfold scale of Trass (1968 Trass ( , 1973 ; Table 3 ) and used as C l . Trass (1968 Trass ( , 1973 ) used a sampling grid. Therefore this formula was calculated only when sampling was done by means of a grid. (Trass 1968 (Trass , 1973 The so-called 'lichen index' of Ruoss et al. (1991) was based on grid sampling, in which total cover and number of species were considered important bio-indicator parameters: (Ruoss et al. 1999; Ruoss 1992) where D is total cover (in percent) and AZ (Artenzahl) is the number of species present.
IAPs based on a selection of species
A fourth group of IAPs only uses a selection of species (bio-indicator species: BI). Hoffmann (1993) selected 17 species for the western part of the present study area. They were defined as eurytopic species (species with a wide general ecological amplitude), but with strict constraints as far as acidifying air pollution is concerned. They were in order of decreasing toxitolerance: Trass (1968 Trass ( , 1973 1 1 -3% 2 3 -5% 3 5 -10% 4 1 0 -20% 5 2 0 -30% 6 3 0 -40% 7 4 0 -50% 8 5 0 -65% 9 6 5 -80% 10 80-100% , Q a ) used in these formulae were replaced by the average number of accompanying bio-indicator species (Q BI ). In addition, these formulae were also calculated with the poleophoby index (P H ) of Hoffmann (1993) In their qualitative bio-indication method Hawksworth & Rose (1970) make a distinction between trees with eutrophic and non-eutrophic bark. For each they distinguish different zones and with increasing SO 2 -concentration a number of species which can be present. When applying their approach, the species which are entirely absent from Flanders (due to ecological or biogeographical reasons) were not considered. As a quantitative IAP based on their approach, we summed the species present in the Hawksworth & Rose tables (indicated below as H&R tables) for both eutrophic and non-eutrophic bark. (Hawksworth & Rose 1970) Thirty-five IAP formulae could be calculated and most could be calculated using data from three different sampling procedures yielding a total of 91 different IAP values per sampled plot.
Bio-indication methods that could not be used
Some methods use the incompleteness of an epiphyte community as an indication of air pollution (Barkman 1963; Van Haluwyn & Lerond 1988; Wirth 1988 ). However, bio-indication methods using phytosociological data were eventually not used in this study, although our grid samples were analysed with Twinspan (Hill 1979) , enabling the identification of syntaxonomical affinities. Epiphyte vegetation showed affinities towards the Parmelion perlatae and Xanthorion parietinae. Many of the relevés syntaxonomically had to be classified as Lecanoretum conizaeoidis, a syntaxon appearing only in air-polluted circumstances. Since it is not possible to determine the original syntaxonomical association that would appear under less polluted circumstances, these sites could not be tested for their incompleteness. Phytosociological methods were therefore not applied.
Methods using the presence of individual species for determining epiphyte deserts, struggle zones and normal zones (Sernander 1926; Showman 1975; De Bakker 1984; Hoffmann 1993) were not applied here, because systematic sampling is required. This was not possible, since we collected data around the nonrandomly distributed SO 2 -measuring stations. Methods using characteristics of one species (Haugsjå 1930; Showman 1988; Ackermann 1993 ) in relation to industrial activity or large agglomerations were not used in this study. It would not be very useful to work out a procedure that is dependent on the behaviour of only one species. An individual species can be absent due to reasons other than air pollution and even when present, only indicate one specific level of air pollution due to its specific SO 2 -sensitivity.
Correlation analysis
Spearman rank order correlation coefficients were calculated between average SO 2 winter concentrations over the last 5 years and IAP values. At the 5 % significance level the correlation was considered significant.
Results
A total of 58 lichen species and 27 bryophyte species were found at the 57 sampling stations used for evaluation.
Correlation with SO 2 data
Spearman rank order correlation coefficients are listed in Table 4 . With the exception of IAP VI.1 to VI.3, all IAP formulae tested gave a significant correlation with mean SO 2 winter values over the last five years. In spite of a substantial drop of emissions in the last decade, SO 2 pollution still seems to be the main factor determining the presence or absence of epiphytes in the study area. In case of IAP VI however some values gave a positive, though not significant correlation with SO 2 pollution (Table 4) .
In general the use of a quantitative estimate of cover and/or abundance (IAP V up to IAP IX) did not increase the correlation.
Within formulae, a distinction can be made on the basis of the species used. when the formula is based on a selection of bio-indicator species (BI), and also when poleophoby indices of Barkman (1958) and Hoffmann (1993) and the toxitolerance index of Wirth (1991) are used (IAP IV). All IAP-formulae using poleophoby indices can be ranked in order of increasing correlation. The use of the poleophoby index P H , based on study area specific data, consistently gave the best results:
<Q BI -values (17 spp.) < P H -values (17 spp.)
Application of IAP VI only gave significant correlations when calculated with P Hvalues and based on a selection of bio-indicator species.
When comparing the different poleophoby and toxitolerance indices in IAP IV.4 to IAP IV.9 (P B of Barkman (1958) , P H of Hoffmann (1993) and T W Wirth (1991) , the following ranking can be made according to best correlation:
The mean of the absolute value of the correlation coefficients (mean of IAP I-IAP V) decreases from the 10 trees method ( 0·571) over the sampling grid method ( 0·541) to the one tree method ( 0·540). In general, correlation differences between the three methods are small though IAP III.4 (summation of P H values of 17 bio-indicator species) based on the one tree method gave the highest correlation ( 0·68). Individual comparison of the sampling procedures shows that 14 formulae gave the highest correlation when 10 trees were investigated (IAP I. 
Time investment per procedure
The average time needed for a complete investigation of one tree was 15 minutes. For 10 trees approximately 90 minutes were necessary, while a grid sampling on the richest tree took c. 10 minutes. However, the richest tree was known, because 10 trees were sampled before. Without previous knowledge of the richest tree (quick investigation of 10 trees+grid sampling) we estimate 40 minutes are needed. According to time investment, methods could be ranked as follows:
10 trees (90 min) >grid sampling (40 min) >1 tree (15 min)
Lichenological knowledge required
When applied by non-specialists, investigation of lichens is easier and takes less time than an investigation of all species (lichens+bryophytes). A selection of lichens (17 species) demands even less lichenological knowledge and can be performed by a non-lichenologist, given the bio-indicator species are easy to identify (which is not entirely the case here).
epiphytes>lichens>BI
Discussion
All formulae tested, except those proposed by Geebelen (1995) , gave a significant correlation with mean SO 2 winter concentrations over the 5 years 1990-1994 . No large differences were found between these formulae. All appear to be reasonably good indicators of the general situation of acidifying SO 2 air pollution in a certain area. Weighting criteria based on a priori and local observations (selection of locally distinguished bio-indicator species, poleophoby index based on local distribution patterns) increase the correlation considerably.
The use of a quantitative estimate of cover and/or abundance (frequency) does not result in a higher correlation with SO 2 -concentrations. Liebendörfer et al. (1988) found a high regression coefficient between species frequency and SO 2 and dust precipitation, while Herzig et al. (1985) and Herzig & Urech (1991) found the IAP summing all frequencies to provide the best correlation with long-term averages of air quality data. In Germany a standard guideline for air pollution monitoring uses species frequency (VDI 1995) which correlates well with several air pollutants (Kirschbaum & Windisch 1995; Kirschbaum 1995) . Herben & Liska (1986) and Hoffmann (1993) on the other hand found that implementation of a quantitative factor is not necessary. From our results we conclude that abundance or cover estimates supply no extra information about the relation between corticolous lichens or epiphytes in general and SO 2 pollution. What might explain the discrepancy between the results obtained in Switzerland (Liebendörfer et al. 1988; Herzig et al. 1985; Herzig & Urech 1991) and our own? Our research was carried out in an area with a strong urbanized character; even the stations considered as relatively unpolluted, are still subject to considerable SO 2 pollution or were so in recent history. This results in a severely impoverished epiphyte flora, where most species are present in low frequencies. The impoverishment of Central European corticolous vegetation seems to be less severe than in Flanders. This might explain why in our study area the presence or absence of a species appears far more indicative of the general air quality than its abundance or cover. Finally, unlike the study areas in lowland Switzerland, used by Herzig et al. (1985) and Herzig & Urech (1991) , epiphytic vegetation in Flanders has never been very rich in species (see e.g. Kickx 1867; Duvigneaud 1942; Hoffmann 1993 ). This is due to less favourable climatic conditions and early human impact. Moreover, there is a clear syntaxonomical difference between Flemish epiphytic vegetation (Hoffmann 1993 ) and lowland Swiss epiphytic vegetation.
Among all the formulae tested, it is clear that those based on lichen data gave a higher correlation than those using total number of epiphytes (lichens+bryophytes). The best results were found when a selection of 17 lichen species (BI) was used. These were selected as eurytopic species (species with a wide general ecological amplitude; e.g. wide climatic and NH 3 -exposure tolerance), but with strict constraints as far as acidifying air pollution is concerned (Hoffmann 1993) . It is important to note that this combination of species was chosen using knowledge of the relation between their distribution patterns and the pollution pattern within part of the present study area.
This trend was confirmed when poleophoby indices were used i.e. when the Q BI and P H indices were used based on only the selected bio-indicator species, a higher correlation was found than when using Q l and Q a -values. Here also IAP values based on epiphytes (Q a -values) gave a lower correlation than those based on corticolous lichens (Q l -values). Species might react differently towards air pollution in other regions that differ climatically or biogeographically from the present study area. Therefore, it is recommended to use all lichen data in general instead of a selection of bio-indicator species, which were selected on the basis of their area-specific distribution as opposed to area-specific air pollution patterns.
From the IAP values obtained with the second formula of Herben & Liska (1986) , it is also clear that application of the poleophoby index of Hoffmann (1993) gave better results than the toxitolerance indices of Wirth (1991) and the poleophoby index of Barkman (1958) . This is again partially explained by the fact that the indices of Hoffmann are based on the relation between the distribution of the species and the estimated pattern of SO 2 -concentration, while Wirth (1991) and Barkman (1958) based their indices on general experience. Furthermore, the index of Hoffmann was based on data from part of the present study area, while the indices of Barkman (1958) and Wirth (1991) were based on experience in other (though neighbouring) areas.
Sampling 10 trees gave slightly better correlations than the use of a grid on the richest tree or sampling one tree. Compared to grid sampling, complete sampling of 1 and 10 trees (up to 2 m high) has the disadvantage of introducing greater ecological variance. For example, species occurring at the base of the trunk can give an erroneous indication of present air quality, owing to soil dust and manure from cattle or urinating dogs (van Dobben 1987) . Sampling all around the trunk causes a supplementary ecological differentiation with strong influence on the abundance and frequency estimate. Only the alga Desmococcus olivaceus is generally found all around the trunk of well-exposed trees, most other species are generally restricted to the rain-exposed site of the trunk. This ecological variation, not attributable to air pollution, is avoided when a sampling grid is used. Application of a sampling grid takes also less time than a complete investigation of 10 trees. To determine the richest tree, a quick overview of the ten trees is however required. One might therefore consider using the most luxuriantly overgrown tree trunk instead of the species richest phorophyte.
In future SO 2 -monitoring within the study area, preference should be given to investigate the number of bio-indicator species within a sampling grid. This method gives a reasonably high correlation with all SO 2 -pollution data, is less time consuming, does not demand much lichenological knowledge and is easy to calculate.
In other areas, however, these bioindicator species should first be determined, as was done for lowland Switzerland by Herzig & Urech (1991) . A possible alternative is to include all lichens present. We recommend sampling with a sampling grid on the tree carrying the highest number of lichen species.
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